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A low temperature lignocellulose pretreatment process was developed using acid-
catalysed mixtures of alkylene carbonate and alkylene glycol. Pretreatment of sugarcane 
bagasse with mixtures of ethylene carbonate (EC) and ethylene glycol (EG) was more 
effective than that with mixtures of propylene carbonate (PC) and propylene glycol 
(PG). These mixtures were more effective than the individual components in making 
bagasse cellulose more amenable to cellulase digestion. Glucan digestibilities of ≥87% 
could be achieved with a wide range of EC to EG ratios from 9:1 to 1:1 (w/w). 
Pretreatment of bagasse by the EC/EG mixture with a ratio of 4:1 in the presence of 1.2% 
H2SO4 at 90 °C for  30 min led to the highest glucan enzymatic digestibility of 93%. 
The high glucan digestibilities obtained under these acidic conditions were due to (a) 
the ability of alkylene carbonate to cause significant biomass size reduction, (b) the 
ability of alkylene glycol to cause biomass defibrillation, (c) the ability of alkylene 
carbonate and alkylene glycol to remove xylan and lignin, and (d) the magnified above 
attributes in the mixtures of alkylene carbonate and alkylene glycol.  
Keywords: Sugarcane bagasse, Ethylene carbonate, Ethylene glycol, Delignification, 
Pretreatment, Enzymatic hydrolysis 
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Lignocellulose is the most abundant renewable biomass on earth with annual production 
estimated to be 1 × 1010 million tonnes.1 Due to the recalcitrant structure of 
lignocellulosic biomass, pretreatment of lignocellulose is a prerequisite to make 
cellulose more accessible to cellulases for the release of fermentable sugars for 
subsequent production of chemicals (ethanol, lactic acid, succinic acid, 1,3-propanediol, 
etc.) in biological processes.2-5 The pretreatment cost has been described as the second 
most expensive unit cost in the cellulosic ethanol production process following the 
feedstock cost.6  
A large number of lignocellulose pretreatment approaches have been investigated on a 
wide variety of feedstocks types and several recent review articles provide a general 
overview of the field.3, 6-9 Pretreatment technologies can be categorized as chemical, 
physical, and biological, and have been used either singly or in combination. Chemical-
based pretreatments are conducted at elevated temperatures using solvents (water, ionic 
liquids, organic solvents, etc.) with or without catalysts (acids, alkalis, etc.). The most 
widely studied chemical-based pretreatments are acid- and alkali-catalysed pretreatment 
using water as the solvent. However, pretreatment using water as solvent typically 
requires pretreatment temperatures of ≥150 °C and pressure-resistant reactors, which 
inevitably increase equipment and production costs.6 In the last decade, 
pretreatment/dissolution of lignocellulosic biomass by ionic liquid solvents has also 
attracted increasing interest worldwide as some ionic liquids are thermally stable, non-
flammable, have low vapour pressures and have a tendency to remain liquid over a wide 
range of temperatures.3, 10 Complete or nearly complete digestion of cellulose and 
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hemicellulose can be achieved after pretreatment/dissolution of lignocellulose without 
producing significant amounts of sugar degradation products.11-14 However, ionic 
liquids are not bulk commodity chemicals and the costs relating to ionic liquids are 
currently prohibitive towards the development of commercial processes for the 
pretreatment of lignocellulosics. 
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Another type of chemical-based pretreatment uses organic solvents. Many organic 
solvents such as ethanol, formic acid, acetic acid, glycerol and ethylene glycol are 
relatively cheap compared to ionic liquids. However, pretreatment by low-boiling-point 
solvents (such as methanol and ethanol) is restricted to the laboratory or pilot scale due 
to challenges involving high pressure operation and highly volatile and flammable 
solvents.15  Hence, the use of high-boiling-point organic solvents for biomass 
pretreatment is an attractive proposition. Glycerol, ethylene glycol (EG) and propylene 
glycol (or 1,2-propanediol, PG) are the most studied high boiling point solvents.16-25 
Researchers have found that pretreatment with acid-catalysed glycerol or EG solution 
was more effective than that with polyol alone or alkali-catalysed polyol solution for the 
pretreatment of lignocellulose.26-28 The disadvantage of these pretreatment systems is 
that they require relatively high pretreatment temperatures (158 – 225 °C) in order to 
achieve cellulose enzymatic digestibility of > 90%.26-30 
The initial work by Yamada and Ono established that lignocellulosic biomass can be 
liquefied in alkylene carbonates, e.g. ethylene carbonate (EC) and propylene carbonate 
(PC) in the presence of an acid catalyst.31 Satisfactory liquefaction of lignocellulosic 
materials was achieved at only 150 °C by blending EG with EC to improve lignin 
dissolution.31 It was found that the rate of EC-liquefaction of cellulose was 27.9 times 
4 
 
faster than that of EG-liquefaction.31 Further studies on biomass liquefaction using EC 
or the mixture of EC and EG in the presence of acid-catalysts have been reported since 
this initial study.32-35  
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As lignocellulosic biomass can be liquefied at a temperature of 150 °C with mixtures of 
alkylene carbonate and alkylene glycol, it is likely that biomass can be destructed for 
enzymatic digestion of cellulose at lower temperatures with the same mixtures.  
Pretreatment of lignocellulosic biomass at a temperature of < 100 °C can reduce the 
process energy consumption significantly. In this study, pretreatment of sugarcane 
bagasse, an abundant agricultural crop residue at a low temperature range (60 – 90 °C) 
and atmospheric pressure using mixtures of alkylene carbonate and alkylene glycol was 
studied. Pretreatment by mixtures of alkylene carbonate and alkylene glycol was more 
effective than by alkylene carbonate or alkylene glycol alone. Higher glucan 
digestibility was achieved with bagasse pretreated by mixtures of EC and EG than by 
the mixtures of PC and PG. A high glucan digestibility of ≥ 93% was achieved with 
pretreatment of sugarcane bagasse at only 90 °C for 30 min by the mixture of EC and 
EG (4:1, w/w) in the presence of 1.2% H2SO4. A wide ratio range of EC to EG could be 
used without significantly decreasing the glucan digestibility of bagasse. The effects of 
other operational conditions such as pretreatment temperature, pretreatment time, acid 
concentration and water content on pretreatment effectiveness were also investigated.     
2. Experimental 
2.1 Materials 
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Sugarcane bagasse was collected from Racecourse sugar mill (Mackay Sugar Limited) 
in Mackay, Australia. Sugarcane bagasse was washed (hot water at 90 °C) to remove 
residual sugar to a negligible amount. The washed sugarcane bagasse was air-dried, 
depithed and ground to a powder by a cutter grinder (Retsch® SM100, Retsch GmBH, 
Gernany). The milled bagasse was screened and bagasse having particle sizes of 250 – 
500 μm was collected and stored for experiment. The moisture of the bagasse powder 
was 7.1%. The bagasse powder mainly consisted of 43.8% glucan, 20.2% xylan, 3.3% 
arabinan, 27.5% lignin, 2.5% acetyl and 2.1% ash.   EC, EG, PC and PG were 
purchased from Sigma-Aldrich company (Australia). AccelleraseTM 1000 (Batch no. 
1600877126), a Danisco product (Genencor Division, Danisco Inc., US) was purchased 
through Enzymes Solutions Pty. Ltd (Australia). The filter paper activity of Accellerase 
TM 1000 was approximate 40 FPU/mL. All the chemicals used in this study were 
analytic standard reagents. 
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2.2 Pretreatment experiment 
A required amount of solvent solution was transferred into a 100 mL glass flask. A 
magnetic stirrer was placed into the flask. The flask was immersed in a silicone oil bath 
which was preheated to the required temperature. The flask was not sealed and the 
pretreatment was conducted at atmospheric pressure. The heating element was equipped 
with a magnetic stirring device (Ika Labortechnik, Germany) and the stirring speed was 
set up at 500 rpm. The solvent in the flask was preheated for 5 min to reach the required 
temperature. A required amount of 72% (w/w) H2SO4 was added into the flask and 
mixed for another 0.5 min. After that, 4.31 g bagasse (4.0 g dry biomass) was 
transferred into the flask and the pretreatment was started. The ratio of liquid to solid 
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was 10:1 (w/w). After a prescribed pretreatment time, 40 g of distilled water was added 
into the flask. The solution was mixed well and filtered (Whatman 541 filter paper) to 
collect the pretreated bagasse.  The filtrate was collected and stored frozen for further 
analysis. The pretreated bagasse was washed with 800 mL distilled water (2 × 400 
mL/wash). The washed pretreated bagasse was further washed with 50 mM NaOH 
solution (4 × 40 mL/wash) followed by further water wash (2 × 400 mL/wash). The 
washed pretreated bagasse was collected. A portion of the filtered pretreated bagasse 
was freeze-dried and stored for compositional analysis while the remaining filtered 
pretreated bagasse was stored at 4 °C for enzymatic hydrolysis.  Compositional analysis 
of bagasse and pretreated bagasse samples was conducted according to a standard 
procedure developed by National Renewable Energy Laboratory (NREL, US).36   
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2.3 Enzymatic hydrolysis 
Enzymatic hydrolysis was carried out in a 20 mL glass vial containing 5 g solution. A 
glucan loading of 2% was used based on the glucan content in the bagasse sample. The 
reaction solution contained 0.05 M citrate buffer to maintain pH 4.8 and 0.02% sodium 
azide to prevent the growth of microorganisms. The dosage of Accellerase for 
enzymatic hydrolysis was 0.5 mL Accellerase/g cellulose (approximate 20 FPU/g 
glucan) unless otherwise stated. The reaction was carried out at 50 °C in a rotary 
incubator (Ratek OM 11 Orbital Mixer, Australia) with shaking speed of 150 rpm. The 
reaction solution was sampled at 0 h, 6 h, 12 h, 24 h, 48 h and 72 h. The sampling 
volume was 0.2 mL using a cut-off pipette tip. After sampling, the sample was sealed 
and incubated for 5 min in a boiling water bath to denature the cellulase. The sample 
was then centrifuged at 9,000 g for 5 min. 0.1 mL supernatant was diluted 10 times by 
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de-ionized water. The diluted sample was filtered through 0.22 μm disk filter prior to 
sugar analysis by a high performance liquid chromatography (HPLC) system. All the 
enzymatic hydrolysis experiments were conducted in duplicate with the mean data 
detailed in this study.  
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2.4 HPLC analysis 
A HPLC system with a Bio-Rad Aminex HPX-87H column and Waters refractive index 
detector was used to detect and quantify sugar derivatives such as 5-
hydroxymethylfurfural (HMF) and furfural in the pretreatment hydrolysate. The mobile 
phase was 5 mM H2SO4 at a flow rate of 0.6 mL/min. The column temperature was 
65 °C. A Phenominex RPM monosaccharide column was used to determine the sugars 
generated from compositional analysis, pretreatment hydrolysate and enzymatic 
hydrolysis. The pretreatment hydrolysate was neutralised with CaCO3 prior to sugar 
analysis. The column temperature was 85 °C and the mobile phase was water at a flow 
rate of 0.5 mL/min. 
2.5 Characterisation of untreated bagasse and pretreated bagasse 
Untreated bagasse and pretreated bagasse samples were characterised by X-ray powder 
diffraction (XRD), Fourier transform infrared spectroscopy (FTIR) and scanning 
electron microscopy (SEM).  
XRD analysis was used to estimate the crystallinity index (CrI) of the bagasse samples. 
The X-ray diffractometer (PANalytical, Netherlands) with Cu Kα radiation (λ = 1.5418 
nm) was operated at a voltage of 40 kV and a current of 40 mA.  The 2θ range was from 
4° to 30° in steps of 0.02° at a rate of 2.6°/min. CrI was calculated by:  
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I002 – Iam (1) 1 
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CrI = 
I002  
where I002 is the intensity of the crystalline peak at 2θ = 22.2°, Iam is the “valley” 
intensity of amorphous cellulose, hemicellulose and lignin at 2θ = 18.5°.37   
FTIR spectra of the samples were recorded between 4000 cm-1 and 500 cm-1 using a 
Thermo Nicolet Nexus 870 system (Thermo Nicolet, US) with the processing software 
Omnic 7.3.  SEM was used to record the surface morphological features of bagasse 
before and after pretreatment. The samples were coated with gold using a Leica EMS 
CD 005 system prior to analysis by FEI scanning electron microscope (Quanta 200 3D, 
US).  
2.6 Calculations 
Glucan (xylan, lignin) recovery was calculated based on the following equation: 
                                                                                                                                 (1)    
Component recovery in 
pretreated bagasse = 
Total component in pretreated bagasse × 100% 
Total component in untreated bagasse 
Glucan digestibility was calculated based on the following equation: 
                                                                                                                                      (2) 
Total glucose yield after enzymatic hydrolysis was calculated based on the following 
equation:  
(3) Total glucose yield 
Total glucose in enzymatic hydrolysis × 0.9 × 100% 
Total glucan in untreated bagasse
= 
Total glucose in enzymatic hydrolysis × 0.9 × 100% 
Digestibility  = 
Total glucan in pretreated bagasse
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The yields of glucose (HMF, xylose and furfural) detected in pretreatment hydrolysate 
on total glucan (xylan) in untreated bagasse was calculated based on the following 
equations: 
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(5) 
(6) 
(7) 
3. Results and discussion 
3.1 Pretreatment by the mixtures of EC/EG and PC/PG at different ratios  
Pretreatment of sugarcane bagasse was first conducted with mixtures of EC/EG and 
PC/PG at a ratio range from 1:0 to 0:1 at 90 °C for 30 min in the presence of 1.2% 
H2SO4.  
3.1.1 Biomass composition, recovery and glucan digestibility  
Tables 1 and 2 show the composition, recovery and glucan digestibility of bagasse 
pretreated by EC/EG and PC/PG systems. Pretreatment with EC or PC alone removed 
less amount of the lignin component than that with EG or PG because some polyols 
such as EG and PG are good delignification solvents especially in the presence of acid 
catalysts.38  However, with EC or PC alone higher amounts of xylan and glucan 
components were removed from bagasse than those with EG or PG alone. It has 
previously been explained that effective liquefaction of biomass by EC or PC compared 
Glucose yield Total glucose in pretreatment hydrolysate × 0.9 × 100% = 
Total glucan in untreated bagasse
Xylose yield Total xylose in pretreatment hydrolysate × 0.88 × 100% = 
Total xylan in untreated bagasse
Furfural yield = Total furfural in pretreatment hydrolysate × 1.375 × 100% 
Total xylan and arabinan in untreated bagasse 
HMF yield 
Total HMF in pretreatment hydrolysate × 1.286 × 100% 
= 
Total glucan in untreated bagasse
10 
 
to that by EG or PG is due to the high solvent permittivity of carbonate solvents.31 For 
an acid-catalysed reaction in non-aqueous solvent, the acidity potential depends on the 
permittivity of the solvent. So, a solvent having a higher permittivity also has a higher 
acidity potential.31 This explains the low xylan and glucan recoveries in the bagasse 
samples pretreated by EC or PC alone compared to those from pretreatment by EG or 
PG  alone (Tables 1 and 2).    
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When EG and PG were added into EC and PC respectively, delignification improved 
significantly (Tables 1 and 2). The recovery of glucan improved slightly compared to 
pretreatment by EC or PC alone indicating that EG and PG may protect cellulose from 
degradation. With increasing EG or PG content in solution, the amount of xylan 
recovered in the pretreated bagasse increased.  
Although pretreatment by EC and PC removed 65% and 52% of the total lignin 
component from sugarcane bagasse (100% – recovery), it had very limited effect on the 
improvement of glucan digestibility (13% for EC pretreatment and 7% for PC 
pretreatment compared to 6% for untreated bagasse). Pretreatment with EG or PG alone 
did improve glucan digestibility (65% for EG and 60% for PG) significantly compared 
to untreated bagasse and bagasse pretreated by EC or PC alone but there was still a large 
portion of the glucan component unable to be digested. When only 10% of the 
corresponding glycol was added to the carbonate, the glucan digestibility of pretreated 
bagasse markedly improved.  Pretreatment with EC/EG ratios from 9:1 to 2:1 resulted 
in glucan digestibilities of ≥ 90%. The glucan digestibility dropped to 86.7% with a 
EC/EG ratio of 1:1. For pretreatment with mixtures of PC/PG, the maximum glucan 
digestibilities were achieved in the PC/PG ratio range of 4:1 to 1:1. The glucan 
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digestibilities of bagasse pretreated with EC/EG system were generally higher than 
those of the corresponding PC/PG system, indicating the former system is more 
effective for the pretreatment of bagasse. Differences in pretreatment effectiveness 
between EC/EG and PC/PG systems may be related to differences in acidity potential. It 
is also reported that PC/PG system is prone to degradation and generation of volatile 
and toxic compounds such as dioxolanes during prolonged heating.31 Thus, EC/EG 
system is the preferred system for deconstructing bagasse.   
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3.1.2 Characterisation of pretreated bagasse 
The structural features of pretreated lignocellulosic biomass determine the extent of 
deconstruction and provide information that can be used to explain the degree of glucan 
digestion.  Fibre particle size, crystallinity, the extent of defibrillation of the fibre 
bundles and the structural linkages and attributes are some of the parameters that 
determine the degree of amenability of the pretreated biomass.   
SEM images show the morphological changes of bagasse samples before and after 
pretreatment by EC/EG and PC/PG solvents. The average diameter of untreated bagasse 
was ~250 – 500 μm (Fig. 1a). Significant size reduction occurred with pretreatment by 
EC or PC alone (Fig. 1b and 1g). However, the extent of size reduction by EC 
pretreatment was higher than that by PC pretreatment.  The average diameter was ~ 40 – 
150 μm for bagasse pretreated by EC whereas it was ~ 60 – 230 μm for bagasse 
pretreated by PC. Despite the size reduction, the fibres were still compact and rigid, and 
defibrillation was not observed (Fig. 1b and 1g). Defibrillation and further fibre 
diameter size reduction occurred with blending EC with EG or PC with PG (Fig. 1c-1e, 
1h and 1i). The average diameter of defibrillated fibres was ~ 20 – 30 μm. Meanwhile, 
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the defibrillated fibres were longer when the pretreatment contained a larger amount of 
EG than those with less EG (Fig. 1c-1e). The length of defibrillated fibres with EC/EG 
ratio of 1:1 was in a range of ~100 – 1000 μm whereas it was in a range of ~ 100 ~ 400 
μm with EC/EG ratio of 9:1. There was still a large portion of fibre bundles not being 
defibrillated from pretreatment by EG alone (Fig. 1f). These SEM images indicate that 
the role of EC or PC is to reduce the fibre size, possibly through depolymerisation of 
cellulose whereas EG or PG breaks down the lignin and carbohydrate linkages. Hence 
the combination of an alkylene carbonate with the corresponding glycol enhances fibre 
defibrillation and delignification. Bagasse fibre size reduction itself did not significantly 
increase the glucan digestibility whereas defibrillation did as shown in Table 1 and 2. 
Therefore, defibrillation of fibres makes cellulose more accessible to cellulases and 
enhances enzymatic hydrolysis. 
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The bagasse samples pretreated with EC/EG solvents were also characterised using 
FTIR. A number of characteristic bands were used to monitor the chemical changes that 
occurred in lignin and carbohydrates. As shown in Fig. 2, the ester bond (i.e., lignin-
hemicellulose) signal at about 1732 cm-1 diminished in the bagasse samples pretreated 
by EC/EG (4:1) but was still observable in the bagasse samples pretreated by EC or EG 
alone.  This peak may be related to the uronic acid ester bonds formed between the 
carboxylic acid group in hemicellulose and the phenolic hydroxyl group in lignin, 
and/or the carboxylic acid group from lignin hydroxycinnamic acid and the hydroxyl 
group from arabinofuranose unit.39, 40 The reduction of this peak in the bagasse 
pretreated by EC/EG (4:1) confirmed the results of Table 1 with removal of 87% of the 
total amount of lignin and 74% of the total amount of xylan from bagasse. The peaks at 
1605 cm-1 and 1515 cm-1 which are related to the aromatic skeleton vibrations in 
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lignin,41 were prominent in the bagasse samples pretreated with EC or EG alone 
compared to those in the bagasse samples pretreated by the EC/EG mixture. The band 
intensity at 1460 cm-1, possibly associated with methoxy group in lignin,42 was weak in 
the bagasse samples pretreated by EC/EG mixtures compared to pretreatment by EC or 
EG alone.  
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The peak at 1318 cm-1 may be assigned to C-H vibration in cellulose and/or C-O 
vibration in syringyl derivatives according to previous reports.43, 44 In this study, this 
peak is likely associated with C-H vibration in cellulose because the intensity of this 
peak increased slightly in all the pretreated bagasse samples, corresponding to increased 
cellulose content in pretreated bagasse samples. The peak at 1240 cm-1 is assigned to β-
ether bonds.41 This peak diminished in the bagasse samples pretreated by EG and 
EC/EG, indicating the cleavage of ether linkages between lignin and carbohydrates. 
The region of 1200-1000 cm-1 represents C-O stretch and deformation bands in 
cellulose, lignin and residueal hemicellulose.45 The increase in band intensity at 1200 
cm-1 of pretreated bagasse may be related to the increase in glucan content. The band 
intensity at 1105 cm-1, which corresponds to crystalline cellulose,46  increased in all the 
pretreated bagasse samples compared to the untreated bagasse sample, indicating that 
the pretreatment removed disproportionate amounts of amorphous components in the 
pretreated bagasse samples. XRD results confirmed the removal of amorphous content.  
As shown in Fig. S1, the peak (2θ at ~ 15.5°) which corresponds to crystalline cellulose 
remained significant in the pretreated bagasse. The estimated CrI increased from 0.70 
for the untreated bagasse sample to 0.75 – 0.79 for the pretreated bagasse samples. The 
slight increase of CrI after pretreatment can be attributed to the removal/dissolution of 
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amorphous components such as amorphous cellulose, hemicellulose and lignin. The 
highest CrI was 0.79 for the bagasse samples pretreated with the EC/EG ratios of 9:1 
and 4:1 whereas it was 0.74 – 0.76 for the bagasse samples pretreated under other 
conditions.   
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The peak at 1050 cm-1 is associated with the C-O stretch in cellulose and 
hemicellulose.43 It was more prominent in the pretreated bagasse samples, 
corresponding to the increase in glucan content. The peak at 898 cm-1 is characteristic of 
β-glycosidic linkages and demonstrates the dominance of these linkages between the 
sugar units in cellulose and hemicellulose.41 The peak at 835 cm-1 belongs to a C-H out 
of plane vibration in lignin.43 The peak at 835 cm-1 was still prominent with EC 
pretreatment, diminished with EG pretretment, and disappeared with EC/EG 
pretreatment, indicating removal of a higher proportion of lignin component.  
3.1.3 Pretreatment hydrolysate 
The hydrolysates from pretreatment with EC/EG system were analysed by HPLC. As 
shown in Table 3, glucose and HMF (a glucose degradation product) which occurs in 
many acid-catalysed lignocellulose pretreatment processes, were not detected in any of 
the pretreatment hydrolysates. Surprisingly, the yields of xylose and furfural (a xylose 
degradation product) were very low even though ≥50% of the xylan component was 
removed during pretreatment (Table 1).  
Studies on the liquefaction of lignocellulosics with EC/EG system have reported 
formation of EG-glucosides (Fig. 3a) during the early stages of the liquefaction.31, 47, 48 
When the time of liquefaction was prolonged, EG-glucosides were decomposed, leading 
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to the formation of levulinic acid-EG esters.31 EG-glucosides or levulinic acid-EG esters 
could be hydrolysed to EG, glucose or levulinic acid if water is added to the 
liquefaction process.47, 48  The formation of EG-glucosides may explain why free 
glucose was not detected in the solution. Production of EG-xylosides from biomass 
liquefaction by EC/EG system was not reported. However, it is probable that xylan is 
degraded in a similar way with formation of EG-xylosides as shown Fig. 3b. To confirm 
our hypothesis, the hydrolysate originating from pretreatment by the EC/EG (4:1) 
mixture was further hydrolysed at 130 °C for 30 min after adding water (final water 
content of ~75% and acid concentration of ~0.3%.  As shown in Table 3, the xylose 
yield increased from 3.9% to 57.5%, and a small amount of glucose was also detected in 
the hydrolysate.  In another experiment, an EG solution containing pure xylose and 1.2% 
H2SO4 was incubated at 130 °C for 30 min. After incubation, ~6% of the total xylose 
was detected. However, when water (~75% of the total solution) was added into the 
incubated solution and the solution was further hydrolysed at 130 °C for 30 min, the 
yield of xylose increased to 35%. These experimental results therefore indicated 
pretreatment of sugarcane bagasse with acid-catalysed EC/EG system produced EG-
xylosides. It was also likely that the formation of PG-xylosides occurred in the acid-
catalysed PC/PG system. The low temperature EC/EG pretreatment process developed 
in our study retained the majority of cellulose components for enzymatic production of 
fermentable sugars. The hydroxyl-rich hydrolysates (containing liquefied lignin and 
xylan components) from pretreatment with EC/EG system may be useful in the 
production of polymers as has been shown previously with liquefied biomass.33, 49, 50 
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Although EC/EG system is an effective pretreatment/liquefaction system, EC itself is 
not stable under either acid or basic conditions.51 Decomposition of EC produces EG 
16 
 
and CO2.51 We observed that CO2 bubbles emerged in all pretreatments using EC/EG 
mixtures and ~3% EC was converted into EG in the pretreatment by EC alone. Given 
that pretreatment effectiveness (in terms of glucan digestibility) remains high in a wide 
EC/EG ratio range (from 9:1 to 2:1), the EC/EG solvent can be reused several times. 
Thereafter, the hydrolysate may be processed by size exclusion chromatography to 
separate the free solvents (EC and EG) from EG-glycosides and lignin.24 The EG-
glycosides and lignin have the potential for the production of polyesters and resins.33 
EG also can be converted to EC to compensate the loss of EC during to decomposition. 
52 The low temperature pretreatment process with the use of acidified EC/EG solutions 
is shown in Fig. 4.   
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3.2 Effects of operational conditions 
3.2.1 Effect of pretreatment temperature 
The effect of temperature on pretreatment effectiveness was investigated with the use of 
EC or EG alone and the mixture of EC/EG (4:1) in the presence of 1.2% H2SO4. As 
shown in Table 4, pretreatment with EC alone was not effective at the temperatures 
used in the present study. However, pretreatment with EG alone led to glucan 
digestibilities increasing from 12.0% to 65.0% with increasing temperature from 60 °C 
to 90 °C. When the mixture of EC/EG was used, the glucan digestibilities were 41.1%, 
68.9%, 87.2% and 93.4% at 60 °C, 70 °C, 80 °C and 90 °C respectively. The glucan 
digestibility of the bagasse pretreated with the mixture of EC/EG at 60 °C was 240% 
higher than that from pretreatment with EG alone.  These results show that the 
improvement of glucan digestibility with the use of the EC/EG mixture at lower 
temperatures is more significant than that at higher temperatures. 
17 
 
Fig. 5 shows the kinetics of enzymatic hydrolysis of bagasse pretreated with the mixture 
of EC/EG (4:1) at different temperatures.   Enzymatic hydrolysis was fast in the first 24 
h and thereafter, it increased only slightly. The maximum glucan digestibility obtained 
was from the bagasse pretreated at 90 °C. It was 89.6% at 24 h and 93.4% at 72 h.  
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3.2.2 Effect of other operational conditions 
The effects of other operational conditions on pretreatment effectiveness were 
investigated with the EC/EG mixtures having a ratio of 4:1. As shown in Table 5, 
increasing acid content from 0.4% to 1.2% improved glucan digestibility from 79% to 
93%. Increasing pretreatment time also had a positive effect on glucan digestibility of 
bagasse. However, increases in acid content and pretreatment time may also result in 
decomposition of more EC to EG. Increasing water content from 1.2% to 10% 
decreased glucan digestibility significantly from 93.4% to 68.2%.  Adding water 
possibly decreased the acidity potential. This is reflected by the decreased xylan 
removal in Table 5. The presence of water also decreased the delignification process 
(Table 5). Another disadvantage of increasing water content is that it may lead to an 
increased conversion of EC to EG as EC decomposition is a hydrolysis process. 
Fig. 6 shows the correlation of glucan digestibility with delignification for bagasse 
pretreated with the mixtures of EC/EG (4:1) for all the conditions tested (temperature, 
acid content, water content and time). A very good linear relationship between glucan 
digestibility and delignification was observed (r2 = 0.991) for this particular system.       
4. Conclusions 
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Both EC and EG are bulk commodity chemicals. These chemicals have low toxicity and 
high-boiling-points (260 °C for EC and 197 °C for EG). EC and EG can be converted to 
each other under certain conditions.51, 52 EC and EG are also renewable chemicals as 
technologies on conversion of lignocellulose to EG have been demonstrated.53, 54 A low 
energy consumption lignocellulose pretreatment process was developed in the present 
study with the use of acid-catalysed EC/EG system. Pretreatment of bagasse at 
atmospheric pressure with a low temperature of 90 °C by the EC/EG system retained 
the majority of the glucan component and removed the majority of xylan and lignin 
components. Over 90% of the retained glucan component was hydrolysed to glucose by 
cellulases.  
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
Besides the benefit of low energy consumption, low temperature pretreatment strategy 
brings the possibility for the development of cellulase-compatible pretreatment 
technologies which will be welcomed by researchers focusing on expressing cellulases 
in plants.  Production of plant-expressed cellulases has the potential to reduce cellulase 
costs for the saccharification of cellulose. This developed pretreatment process may be 
compatible to some thermo- and acid-stable cellulases as such cellulases have the ability 
to perform under very acidic conditions (pH < 2.0) and temperatures of 70 – 90 °C.55 
Currently, the cellulase-compatibility of this pretreatment system is being investigated 
with the use of commercially available cellulases and sugarcane-expressed fungal 
cellulases.  
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Tables 
Table 1. Results from pretreatment by EC/EG solvents at 90 °C for 30 min in the 
presence of 1.2% H2SO4 
Table 2. Results from pretreatment by PC/PG solvents at 90 °C for 30 min in the 
presence of 1.2% H2SO4 
Table 3. Composition of hydrolysates from pretreatment by EC/EG solvents at 90 °C 
for 30 min in the presence of 1.2% H2SO4 
Table 4. Results from pretreatment by EC/EG (4:1) solvents at different temperatures  
Table 5. Results from pretreatment by EC/EG (4:1) solvents at other conditions 
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Figures 
Figure 1. SEM images of (a) untreated bagasse, and bagasse samples pretreated by 
EC/EG solvents with the ratio at (b) 1:0, (c) 9:1, (d) 4:1, (e) 1:1, (f) 0:1 and by 
PC/PG solvents with the ratio at (g) 1:0, (h) 9:1 and (i) 4:1.  
Figure 2. FTIR spectra of pretreated bagasse samples 
Figure 3. Schemes of (a) reported glucan degradation mechanism31 and (b) proposed 
xylan degradation mechanism in acidified EG solution 
Figure 4. An EC/EG-based lignocellulosic biomass pretreatment process 
Figure 5. Kinetics of enzymatic hydrolysis of bagasse pretreated with EC/EG (4:1) 
solvents at different temperatures 
Figure 6. Correlation of glucan digestibility with delignification for bagasse pretreated 
with EC/EG (4:1) solvents at different conditions 
Supplementary Figure 1. XRD spectra of bagasse samples pretreated by EC/EG system  
Table 1. 
72 h glucan 
digestibility 
(%) 
Total 
glucose 
yield (%) 
Content in pretreated bagasse (%) Recovery in pretreated bagasse (%) Ratio of  Biomass  
EC to EG yield (%) Glucan Xylan Lignin Glucan Xylan Lignin 
1:0 67.7 7.4 16.0 60.0 92.7 22.0 34.9 13.4 12.4 
9:1 78.2 8.4 6.7 53.5 95.5 22.2 13.0 91.2 87.1 
4:1 77.0 8.9 6.1 54.9 96.5 24.2 12.2 93.4 90.1 
2:1 75.5 11.6 7.3 56.2 96.8 32.3 14.9 91.1 88.2 
1:1 73.0 12.2 8.0 58.2 97.1 35.2 16.9 86.7 84.2 
0:1 67.7 13.0 14.6 62.3 96.3 40.1 33.1 65.0 62.6 
Untreated bagasse 43.8 20.2 27.5 100.0 100.0 100.0 100.0 6.0 6.0 
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Table 2 
Ratio of  
PC to PG 
Content in pretreated bagasse (%) Biomass  
yield (%) 
Recovery in pretreated bagasse (%) 72 h glucan 
digestibility 
(%) 
Total 
glucose 
yield (%) Glucan Xylan Lignin Glucan Xylan Lignin 
1:0 62.6 11.3 20.1 66.0 94.3 37.0 48.3 7.4 7.0 
9:1 76.1 9.6 9.9 55.0 95.6 26.3 19.9 51.0 48.7 
4:1 76.3 11.3 9.2 55.7 97.1 31.1 18.6 77.7 75.4 
2:1 75.9 11.9 8.5 55.5 96.3 32.8 17.2 80.3 77.3 
1:1 72.5 12.7 10.3 58.7 97.1 36.9 21.9 77.9 75.6 
0:1 65.4 14.3 15.7 64.4 96.2 45.7 36.7 60.0 57.7 
Untreated bagasse 43.8 20.2 27.5 100.0 100.0 100.0 100.0 6.0 6.0 
 
Table 3 
Yield on xylan (%) Glucose yield on 
glucan (%) Ratio of EC:EG Furfural 1 Xylose
1:0 0.0 4.6 8.0 
9:1 0.0 4.6 3.7 
4:1 0.0 3.9 0.0 
2:1 0.0 3.2 0.0 
1:1 0.0 2.8 0.0 
0:1 0.0 0.0 0.0 
4:1 2 1.3 57.5 1.5 
1. Furfural yield is based on the total xylan and arabinan components in untreated bagasse 
2. Hydrolysate from pretreatment using the EC/EG (4:1) mixture was further diluted four times 
with water and incubated at 130 °C for 30 min
28 
 
Table 4 
72 h glucan 
digestibility 
(%) 
Total 
glucose 
yield (%) 
Content in pretreated bagasse (%) Recovery in pretreated bagasse (%) Pretreatment 
temperature1 (°C) 
Biomass 
yield (%) Glucan Xylan Lignin Glucan Xylan Lignin 
90 (EC:EG=1:0) 67.7 7.4 16.0 60.0 92.7 22.0 34.9 13.4 12.4 
80 (EC:EG=1:0) 65.8 8.9 17.8 62.9 94.5 27.7 40.7 12.3 11.6 
70 (EC:EG=1:0) 61.3 12.1 18.3 68.4 95.7 41.0 45.5 11.9 11.4 
60 (EC:EG=1:0) 54.3 15.6 21.2 78.3 97.0 60.4 60.3 11.6 11.3 
90 (EC:EG=4:1) 77.0 8.9 6.1 54.9 96.5 24.2 12.2 93.4 90.1 
80 (EC:EG=4:1) 74.9 11.8 8.6 56.5 96.6 33.0 17.6 87.2 84.2 
70 (EC:EG=4:1) 67.5 14.5 14.0 62.9 96.9 45.1 32.0 68.9 66.8 
60 (EC:EG=4:1) 59.5 18.0 19.3 72.5 98.5 64.6 50.9 41.1 40.5 
90 (EC:EG=0:1) 67.7 13.0 14.6 62.3 96.3 40.1 33.1 65.0 62.6 
80 (EC:EG=0:1) 62.5 16.8 16.4 68.5 97.7 56.9 40.8 52.8 51.6 
70 (EC:EG=0:1) 56.2 19.5 20.4 76.1 97.7 73.5 56.5 35.5 34.7 
60 (EC:EG=0:1) 48.6 20.5 24.4 88.9 98.6 90.2 78.8 12.0 11.8 
Untreated bagasse 43.8 20.2 27.5 100.0 100.0 100.0 100.0 6.0 6.0 
1. Pretreatment was conducted in the presence of 1.2% H2SO4 
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Table 5 
Pretreatment conditions Content in pretreated bagasse (%) 
Biomass 
yield (%) 
Recovery in pretreated bagasse (%) 72 h glucan 
digestibility 
(%) 
Total 
glucose 
yield (%) 
Acid 
content 
(%) 
Water 
content 
(%) 
T 
(°C)
Time 
(min)  Glucan Xylan Lignin Glucan Xylan Lignin 
0.4 1.2 90 30 72.2 12.7 9.7 58.8 97.0 37.1 20.7 79.0 76.6 
0.8 1.2 90 30 76.0 11.3 7.7 56.0 97.2 31.4 15.7 87.2 84.8 
1.2 1.2 90 30 77.0 8.9 6.1 54.9 96.5 24.2 12.2 93.4 90.1 
1.2 1.2 90 15 73.7 12.3 8.9 57.7 97.1 35.2 18.7 82.0 79.6 
1.2 1.2 90 45 79.5 9.2 5.3 52.4 95.0 23.9 10.1 95.0 90.3 
1.2 5 90 30 74.1 13.2 8.4 57.3 97.0 37.5 17.6 85.9 83.3 
1.2 10 90 30 66.7 14.8 13.5 63.8 97.2 46.8 31.3 68.2 66.3 
Untreated bagasse 43.8 20.2 27.5 100.0 100.0 100 100 6.0 6.0 
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Figure 3  
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